The detonation performances of TNT-, RDX-, HMX-, and RDX/AP-based aluminized explosives were examined through detonation experiments. The detonation pressure, velocity, and heat of detonation of the four groups of aluminized explosives were measured. Reliability verification was conducted for the experimental results and for those calculated with an empirical formula and the KHT code. The test results on detonation pressures and velocities were in good agreement with the predicted values when aluminum (Al) particles were considered inert. The experimental heat of detonation values exhibited good consistency with the predicted values when a certain proportion of Al particles was active. Ammonium perchlorate (AP) can effectively reduce the detonation pressure and improve the heat of detonation for the RDX/AP-based aluminized explosive. A comparison of the current test results and literature data shows that errors may exist in early test data. The test data presented in this study allow for an improved understanding of the detonation performance of the four groups of aluminized explosives.
Introduction
The detonation performance of explosives has always been a concern for scholars and weapons designers. Detonation performance parameters, such as detonation velocity, detonation pressure and heat of detonation, represent the effectiveness of aluminized explosives. Due to their high combustion enthalpies, aluminum (Al) particles are widely utilized as additives in explosives to increase the reaction temperature, increase the bubble energy in underwater weapons, enhance the air
Explosive Specimens
The four groups of aluminized explosives were composed of matrix explosives, Al particles, wax, and graphite (GRPH). The detailed formulas of the four groups of aluminized explosives are shown in Tables 1, 2 , 3 and 4. The average molecular formulas of C a H b N c O d Al e are provided by assuming one mole of a mixed aluminized explosive with a mass of 100 g, where a, b, c, d and e are the number of moles of carbon, hydrogen, nitrogen, oxygen, and aluminum, respectively. The Al particles mixed in the explosives were grainy and had a diameter of approximately 13 µm. They were not subjected to pre-oxidation treatment and were evenly distributed in the mixed explosives. All cylindrical explosive specimens were pressed and fitted at 250 MPa pressure according to the detonation test requirements for pressure, velocity and heat. The size of each test specimen is shown in Table 5 . 
Experimental Methods
The detonation pressures of the aluminized explosives were measured with a manganin high pressure sensor in accordance with the Chinese Military Standard (GJB772A-97 704.2). The arrangement of the experimental setup is shown in Figure 1 . When the detonation wave arrives and hits the probe, the manganin sensor begins to record the voltage history because of the resistance change. The detonation pressure can be obtained by adopting the calibrated relationship between voltage and pressure. The detonation velocities of the aluminized explosives were measured by the ionization probe method [25] in accordance with the Chinese Military Standard (GJB772A-97 702.1). The experimental arrangement is shown in Figure 2 . After detonating the explosives, the detonation wave propagates across four probes in turn (from left to right). The time to traverse the distance between two adjacent probes is recorded by a chronoscope. Thus, the detonation velocity can be calculated in terms of distance and time. The heat of detonation of the aluminized explosives was measured with a detonation heat bomb according to the Chinese Military Standard (GJB772A-97 702.1). A schematic of the experimental arrangement is shown in Figure 3 . The detonation heat bomb was evacuated and positioned in a measuring heat cylinder containing 1 kg of distilled water. To obtain the heat of detonation, the stabilized temperatures of the measuring heat cylinder and the outer barrel were recorded before and after the detonation of the explosive specimens. The heat of detonation can be determined according to the law of conservation of energy. 
Results and Discussion
The detonation pressure and velocity of aluminized explosives with the general formula C a H b N c O d Al e have the following respective empirical formulas [18, 26] :
2 (1) D = −582.3a + 233.5b + 97.6c + 304.1d − 1109.0e + 4520.1ρ (2) where P CJ is the detonation pressure in GPa, D is the detonation velocity in m/s, and ρ is the density of the explosive in g/cm 3 . The detailed results of the detonation parameters for the four groups of aluminized explosives are summarized in Tables 6-9 . The values in the tables are the averages of duplicate test results. The values underlined in the tables indicate that the corresponding method was not applied to the formulas. The measured detonation pressures and velocities were compared with the values estimated by the empirical equation and the KHT code. The Al particles and AP were considered inert ingredients in the prediction of the detonation pressures and velocities with the KHT code.
With a few exceptions, the experimental detonation pressures of the aluminized explosives were lower than the predicted values obtained by Equation 1 and the KHT code. A large percentage of the deviations, generally attributed to the experimental measurement of detonation pressure (up to 20%), was considered [18] . Given that non-equilibrium effects in the reaction zone may contribute to this confusion, the measured pressures may be smaller than the equilibrium calculations if the measurement is implemented behind the von Neumann spike and in front of the C-J plane. However, the agreement between the calculated and measured pressures is satisfactory. All experimental detonation velocities are consistent with the values predicted by Equation 2 and the KHT code. The maximum deviation was less than 6.5%. This condition indicates that the empirical equations and the KHT code are suitable for estimating the detonation velocity of the mixed aluminized explosives.
As observed in previous studies [8, 27] , the heat of detonation of aluminized explosives cannot be accurately predicted with the KHT code unless a certain proportion of the Al particles is assumed to be active ingredients that combust in the detonation products; this view is in agreement with the view of Deiter and Wilmot [25] . However, the KHT code is not an effective method for predicting the heat of detonation of RDX/AP-based aluminized explosives, as shown in Table 8 . In the current formulas, when the mass fraction of Al particles exceeds 40%, the KHT code cannot accurately predict the detonation parameters.
The test results show that the heat of detonation of RDX/AP-based aluminum explosives decreases gradually and the detonation pressure and velocity increase with an increase in Al content. These results are different from those of TNT, RDX, and HMX-based aluminized explosives. The differences between groups 1 to 3 and group 4 are mostly due to the property of AP itself. AP is a type of oxygen balance explosive. Its combustion releases heat, improves the oxygen balance of composite explosives and promotes the afterburning reaction of Al particles. However, with a decrease in AP content, composite explosives tend to approach a state of negative oxygen balance, which causes incomplete afterburning reactions and less energy release. Due to the high initiation sensitivity, AP and Al exist on the C-J plane as endothermic inert ingredients and do not participate in the detonation reaction. Given that AP exhibits a higher thermal decomposition temperature than Al, AP absorbs more energy than Al, although AP combusts with the detonation products. Thus, when the mass fraction of RDX remains unchanged and the mass fraction of AP decreases, endothermic inert ingredients decrease and the energy loss on the C-J plane decreases, resulting in increased detonation pressure and velocity. In addition, because of the high heat of combustion of Al, if Al and AP react on the C-J plane, Al would release more energy than AP. Thus, the detonation pressure and velocity increase when the mass fraction of Al increases. Given that the binder, composed of wax and GRPH, cannot participate in the detonation process, comparing the measured detonation velocities and pressures for several compositions of TNT/Al, RDX/Al and HMX/Al in the current work with those in Reference [28] is essential. The results are shown in Figures 4 and 5 . The densities of RDX-and HMX-based aluminized explosives are greater than those of RDX/Al and HMX/Al, whereas the densities of TNT-based aluminized explosives are smaller than those of TNT/Al. When the Al content is the same, the measured detonation velocities for RDX-and HMX-based aluminized explosives are lower than the experimental data for RDX/Al and HMX/Al in [28] . The detonation velocities and pressures of TNT/Al are larger than those of TNT-based aluminized explosives. These results are considered reasonable according to the relations between explosive density and detonation parameters. However, the detonation pressures of RDX-based aluminized explosives are lower than those of RDX/Al. This result indicates that the test detonation pressures in [28] are inaccurate because of the errors of early test technology. Owing to the lack of previously measured data, a comparative study of detonation pressures cannot be conducted for HMX-based aluminized explosives. In the present work, the RDX content of RDX/AP-based aluminized explosives is constant at approximately 20%, and the AP content decreases as the Al particle content is increased. Figure 6 shows that the heat of detonation decreases linearly with the increase in the mole ratio of Al particles and AP (Al/AP). As a positive oxygen balance explosive, AP combustion releases heat, improves the oxygen balance of the composite explosive and promotes the afterburning reaction of the Al particles. However, with the increase in Al/AP, a composite explosive tends to approach a state of negative oxygen balance, which causes incomplete afterburning reaction. This condition results in a decrease in the heat of detonation of composite explosives. 
Conclusions
Detonation experiments were conducted to investigate the performance of four groups of aluminized explosives. Excellent and consistent experimental results were obtained for the detonation pressures and velocities compared with the results calculated by empirical formulas and the KHT code, when Al particles were assumed to be inert. Only when a certain percentage of Al particles was considered to be active could the heat of detonation be accurately predicted. This condition indicates that the afterburning reaction of Al particles provides a significant contribution to the heat of detonation. Furthermore, Al particles do not react completely regardless of how much Al is blended in the explosives. A relatively small effect on RDX-based and HMX-based aluminized explosives is generated when the Al content is equal to approximately 20%. The differences between groups 1 to 3 and group 4 are mostly due to the properties of AP itself, that is, higher initiation sensitivity compared with RDX, a higher thermal decomposition temperature and a low heat of combustion compared with Al.
Comparative analysis shows that errors possibly exist in early test data for detonation pressure. The heat of detonation decreased linearly when the Al/AP ratio was increased in the RDX/AP-based aluminized explosive. AP improves the oxygen balance of explosives and promotes the afterburning reaction of Al particles. However, this work lacks detail on the chemical kinetics of afterburning and underwater explosion tests, which will be studied in the future.
